When Avena coleoptile segments are immersed in a solution containing H'4C03-, the appearance of label in the tissue is stimulated approximately 3-fold by fusicoccin application. This effect is rapid (1-2 minutes lag time), dependent upon respiratory energy, inhibited by carbonyl cyanide m-chlorophenylhydrazone, but not appreciably altered by cycloheximide treatment. A large percentage of the cellular radioactivity is found in the form of malate. Preliminary experiments indicate that C02, as opposed to HC03-, is the favored species of "CO2" taken up by the segments. These results are consistent with the notion that C02, presumably by virtue of its fixation and conversion to malic acid, participates in the early events associated with fusicoccin-enhanced acidification of the cell wall region leading to the stimulation of cell extension growth.
It is well established that auxin and the phytotoxin, fusicoccin, can cause Avena coleoptile segments to acidify the surrounding medium (4, 6, 7, 27) . It is argued that the decrease in cell wall pH resulting from IAA-or FC2-enhanced acid extrusion would lead to an increased rate of wall loosening, and hence, an increased rate of cell elongation (4, 14, 21, 28, 29) . While precise knowledge of the mechanism responsible for this facilitated acidification is not yet available, there is at hand some pertinent information which any model for acidification must take into account. First, hydrogen ions per se (not organic acids) accumulate in the medium, as titration of the acidified medium shows it to lack any buffering capacity (21; Rayle and Johnson, unpublished results). Second, observed properties of the IAA and FC acidification responses are similar to reported characteristics of apparent H+ pumps in lower plant cells (18, 31) ; that is, the acidification phenomenon requires energy metabolism (22, 27) , is stimulated by cations (8; Cleland, personal communication), and leads to a hyperpolarization of the plasma membrane (20) . These observations could be used to argue that the acidification response is controlled by a hypothetical growth-regulatoractivated proton pump, possibly electrogenic in nature. However, the known parameters of IAA-or FC-induced acidification are equally consistent with a mechanism involving the active uptake of bicarbonate ions which have been generated extracytoplasmically by the hydration of CO2 within the cell wall region. The subsequent uptake and fixation of HC03-would result in net wall acidification indistinguishable in the final result from the outward pumping of H+ (cf. 30). This paper describes experiments carried out to assess the possibility that HC03-reabsorption could contribute to active acidification in A vena coleoptiles.
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MATERIALS AND METHODS
Plant Material. Seeds of Avena sativa L. cv. Victory were surface-sterilized in 20% Clorox for 10 min, then rinsed thoroughly with tap H20 and sown in moist vermiculite. After 5 days of growth in the dark at 29 C, coleoptiles that were 2 to 3 cm in length were deleafed, the epidermis-cuticle layer was physically stripped away using a fine jeweler's forceps (27) , and the "peeled" segments were then cut to 10 mm at a distance 2 mm from the apex. In some experiments, the peeled segments were sliced mid-longitudinally ("split") with a razor blade to expose the inner air space of the coleoptile.
Respiration Studies. Twenty-five 1 0-mm peeled segments were placed in each of a number of single-arm Warburg flasks containing 2.7 ml of 1 mm K-phosphate buffer, pH 6.5, with or without 10 AM IAA or 10 AM FC. The sidearm contained 0.3 ml of 0.6 mm DNP, and the center well contained 0.3 ml of 10% KOH or H20. The flasks were attached to manometers (stopcock open) and gently shaken for 60 min at 30 C by the reciprocating motion of the Warburg apparatus. After the 60-min treatment period, the manometer stopcocks were closed and gas pressure changes were recorded every 5 min for 40 min. The readings were corrected for thermobarometric fluctuations and linear 02 uptake rates were obtained in all flasks. DNP was then tipped into the main flask chamber, and after a 10-min period of equilibration (manometer stopcock open), 02 uptake readings were resumed. Data are expressed as ,ul 02 uptake/hr-25 segments based on the linear 02 uptake readings obtained during the 40-min measurement period, and the rates of 02 uptake in flasks lacking KOH in the center well were subtracted from the corresponding 02 uptake rates obtained from flasks containing KOH to provide the rates of CO2 evolution. Duplicate flasks run for each treatment did not vary in measured rates by more than 5%.
Measurement of H 4C03-Uptake.3 In a typical experiment utilizing split and peeled coleoptile segments, 10 segments (20 split halves) were loaded into a 2.5-ml serum vial containing 2 ml of 2 mm K-phosphate or K-MES buffer, pH 6.2, sealed with a rubber cap, and gently shaken on a reciprocal shaker for 40 min at room temperature (23 C) . After this preincubation period, 25 ,ul of H20 or 1 mm IAA or 1 mm FC were added. Following a variable period of further incubation with shaking, 10 ,ul of a pH 9 solution containing NaH'4CO3 (25 ,Ci/ml; 55.5 mCi/mmol; ICN Pharmaceuticals, Inc.) were injected into the vials. Uptake was terminated after removing the cap by quickly suctioning out the radioactive medium. The segments were quickly rinsed with 2 ml of 0.1 mm NaHCO3, then allowed to chase for 5 min in 2 ml of 0.1 mm NaHCO3 to remove H14CO3-trapped in the tissue's free space. After removing this chase medium, the segments 3 It should be noted that throughout the remainder of the text we shall refer to the appearance of 14C label in the tissue as H'4C03-uptake Although H'4CO3-is the major species of "C02" when injected into the vial, a rapid equilibration between H'4C03-and 14C02 will take place in the pH 6.2 buffer, and to a lesser extent will include H214CO3 and FUSICOCCIN-ENHANCED C02 UPTAKE were again rinsed and 1 ml of 10 mm KOH was added. The KOH and segments were then transferred to scintillation vials containing 7 ml of a dioxane-naphthalene-based cocktail and counted in a Packard Tri-Carb scintillation system.
In experiments utilizing nonsplit peeled coleoptiles, the procedure was similar except that, after the radioactive medium was suctioned out, two quick rinses with 0.1 mm NaHCO3 were followed by blowing out any radioactive solution trapped within the hollow core of the coleoptile with a stream of air or N2. The coleoptiles were rinsed once again with the NaHCO3 solution and placed into scintillation vials containing cocktail and 1 ml of 10 mM KOH. Our experience with both split and nonsplit segments leads us to suggest the use of nonsplit segments for future work. Although the chase procedure is more awkward, the nonsplit segments typically exhibit greater and more reliable FC responses with respect to growth, acidification, and HCO3-uptake; split segments do not respond to IAA.
In an effort to determine the active species of "CO2" taken up by coleoptile segments, a modification of the kinetic method used by Cooper et al. (10) was employed. Groups of 10 peeled coleoptile segments (nonsplit) were placed in serum vials containing 2 ml of 10 mm tris-HCl buffer, pH 8, capped, and allowed to incubate with gentle shaking for 30 min at 23 C. Twenty ,ul of 1 mm FC were then added. After 5 min of further incubation, the vials were transferred to a 10 C reciprocating H20 bath. After 10 min, the vials were pulsed with 0.5 ,uCi of either "4CO2 (NaH'4C03 in 1 mm citrate-phosphate buffer, pH 4) or H'4CO3-(NaH14CO3 in 1 mm tris-HCl buffer, pH 8) and returned to the 10 C H20 bath. At various times after the pulse, uptake was terminated by the procedure described above for nonsplit segments using ice-cold 0.1 mm NaHCO3.
Analysis of 14C-labeled Assimilation Products. Twenty peeled, split segments were placed in a 2.5-ml serum vial containing 2 ml of 2 mm K-MES buffer, pH 6.2, and incubated for 40 min. To half of the vials, 26 Al of 1 mm FC were then added.
After 15 min of further incubation, 1.5 ,uCi of NaH14CO3 were injected. Following a 10-, 30-, or 60-min pulse period (23 C), the radioactive medium was removed, and the coleoptile segments were rinsed once, then chased for 5 min, and rinsed again with 2 ml of 0.1 mm NaHCO3. The segments were transferred to 10-ml beakers containing 5 ml of boiling 80% ethanol; after 5 min the segments were homogenized in the same 80% ethanol solution with a glass tissue homogenizer. The homogenate plus an 80% ethanol rinse were transferred to centrifuge tubes and spun 15 min at 30,000g in a Sorvall RC-2B centrifuge. The 80% alcohol-insoluble pellet was resuspended in 5 ml of 80% ethanol and respun. The final pellet was resuspended in a small volume of H20 and an aliquot was counted in the scintillator (alcoholinsoluble fraction). The combined alcohol-soluble supernatants were evaporated to near dryness, brought up to 2 ml with H2O plus 3 drops of 1 N KOH, then extracted 4 times with 5-ml volumes of ethyl ether. The combined ether phases were evaporated to dryness, and the residue was dissolved in 1 ml of chloroform-methanol (1:1) from which an aliquot was taken and (2, 32, 34) . In addition, it is known that after a rather prolonged treatment, auxin stimulates the rate of CO2 fixation in Avena coleoptiles (1, 15) . Since higher rates of dark CO2 fixation may require some form of facilitated CO2 and/or HCO3-uptake, and since active HCO3-uptake could contribute directly to cell wall acidification, we began an investigation into the possible effects of IAA and FC on the uptake of "CO2" supplied to the tissue initially as H'4CO3-. (Table II) . Since FC-induced cell elongation and acid extrusion begin after only 1 to 2 min (5), it became important to determine just how quickly FC stimulated H'4C03-uptake. When Avena segments were treated with FC for 1 min, then pulsed with H'4CO3-for varying periods of time (1-10 min), a total FC exposure time of 2 min was sufficient to cause an increased rate of H'4CO3-uptake (Fig. 1) . A similar short lag time (less than 2 min) for the FC effect was demonstrated when FC was added 5 min after the H'4C03-pulse and the chase period was reduced to two short rinses with 0.1 mm NaHCO3 (data not shown). The rapidity of this FC effect argues strongly for the involvement of "CO2" uptake as part of the early events associated with the action of FC. Figure 2 shows a dose-response curve for FC-enhanced H'4C03-uptake. This curve is similar to those obtained for FCinduced cell extension and acid extrusion in Avena coleoptiles except that FC-enhanced acidification has been reported to occur maximally at 10-6 M (7). Because FC exerts an effect on respiration, FC may indirectly influence HCO3-uptake (when carrier-free H14CO3 is used) by affecting endogenous C02/HCO3-levels. This is apparently not the case as FC still elicited a 3-fold enhancement of H'4C03-uptake in the presence of 3 mm cold NaHCO3 (data not shown).
The optimal pH for H14CO3-uptake in untreated coleoptiles is near 7, whereas in the presence of FC the pH optimum is shifted to 6 (Fig. 3) . Both curves reject the possibility that the rate of '4C appearance in the tissue is merely a function of the relative abundance of either '4CO2 or H14CO3-in the medium, as the rates'of label uptake decrease at the pH extremes at which one or the other "CO2" species is predominant. uptake (Table III) ; these data agree with the differential levels of cycloheximide inhibition of control and FC-enhanced acidification and cell extension under similar conditions (6; Rayle, unpublished results). Upon closer examination of the CCCP effect, it was found that 1 ,UM CCCP exerted an extremely rapid inhibition of Ht4CO3-uptake in the presence of FC (Fig. 4) . Not only did CCCP prevent H'4CO3-accumulation in the coleoptiles, but it caused release of label from the tissue with time. The released radioactivity was present apparently in the form of t4CO2/Ht4C03-as bubbling N2 into the chase medium caused dissipation of the radioactivity from the solution. Therefore, CCCP is not simply making the membranes leaky to metabolites, but rather causes a rapid efflux of accumulated C02/HCO3-. The radioactivity remaining in the tissue after a 5-to 10-min chase in the presence of CCCP was presumably in the form of organic metabolites (see below).
Label from Ht4CO3-is not only taken up by coleoptile segments but is also rapidly incorporated into organic compounds. Bown Table IV . Regardless of the pulse length, the majority of the incorporated t4CO2 (at least 70%) was found in the 80% alcohol-soluble metabolites. FC stimulated the appearance of label in all fractions; its effect was minimal, however, in the alcoholinsoluble fraction (Table IV) .
Upon closer examination of the alcohol-soluble fraction, it was found that more than 90% of the radioactivity in this fraction could be resolved into four chromatographic peaks, three of which were identified: malate, aspartate, and glutamate (Table V) . Bown and Lampman (1) reported that these same labeled compounds plus citrate appeared in their acidic fraction of Avena coleoptiles after a 30-min H'4C03-pulse. Our unidentified peak did not co-chromatograph with authentic citrate. FC enhanced labeling in all of these metabolites, but a greater proportion of malate to the other compounds was consistently observed for the FC-treated segments compared to the control tissue (Table V) .
To entertain the notion that active HCO3-uptake contributes directly to cell wall acidification by pulling the extracytoplasmic CO2 hydration reaction toward H+ and HCO3-formation, one should be able to show that in the presence of FC, H14CO3-would be the favored species of "CO2" taken up by the tissue.
Kinetic disequilibrium studies of the type reported by Cooper et were pulsed with 0.125 ACi NaH'4CO3 (0 time), then stopped at various times thereafter using the normal rinse-chase procedure (-). To a similar set of samples containing FC, a 6-min pulse was followed by the addition of 25 /Ll of 0.2 mm CCCP to the pulse medium, and then terminated at various times (1, 2, 3, 4, and 9 min) thereafter (0). See "Materials and Methods" for details.
al. ( 11) have been employed to discern the active form of "CO2" (CO2 or HCO3-) which participates in various carboxylation reactions in vitro (9, 10) . The method is based on the observation that in the absence of carbonic anhydrase, the equilibration of added CO2 in a pH 8 solution requires more than 60 sec when the temperature is kept below 15 C (19). It may be possible to use this method to determine which species of "CO2" is preferentially taken up by FC-treated coleoptiles. If coleoptiles preferred CO2 over HCO3-, then pulsing vials with solutions containing predominantly '4CO2 at time zero would result in an initial rapid rate of uptake of label which would taper off as the levels of t4CO2 available declined as a result of the time-dependent hydration reaction. On the other hand, if Ht4CO3-is pulsed under the same conditions (assuming CO2 is the favored species), the uptake rate should be linear and much reduced. When the experiment was performed, the data presented in Figure 5 were obtained. It is clear that "4CO2 is taken up much more rapidly than Ht4CO3-. Furthermore, when a commercial source of carbonic anhydrase was added in the vials before t4CO2 was pulsed, the hyperbolic kinetics were reduced to a linear, much (Table   II) .
In contrast to the lack of a sizable auxin effect, FC rapidly stimulates the appearance of label in coleoptiles supplied with H'4CO3-. This observation is yet another example of the differences in modes of action between IAA and FC with respect to the acidification response (for a more complete discussion of these differences, see ref. 7) . The FC-enhanced uptake of label becomes apparent after only 1 to 2 min of FC exposure, is dependent upon respiratory energy, is insensitive to a 15-min cycloheximide treatment, has a pH optimum near 6, and is maximally elicited at 10-5 M FC. All of these characteristics are similar to those found for FC-enhanced acidification of the medium surrounding Avena coleoptiles (5, 6) , and certainly suggest that the uptake phenomenon participates in some manner with FC-induced acidification, and hence cell extension.
One of the inherent problems of a bicarbonate pump mechanism with respect to active acidification becomes apparent when one considers what the relative contribution of HCO3-uptake to acidification at different initial pH values would be. The pKa of the CO2/HCO:-equilibrium H20 + CO2 ± H+ + HCO3-is 6.3. As the initial pH of the coleoptile-bathing solution containing CO2/HCO3-is increased above 6.3, correspondingly larger amounts of HCO3-would have to be taken up to effect small decreases in pH (,umole H+ left behind in the wall). Conversely, when the initial pH of the bathing solution surrounding coleoptile segments is lowered into a range between 5 and 6, the relative contribution of HCO3-uptake to acidification would increase dramatically. Since it is now known that the rate of FCenhanced acidification (,cmole H+ released/unit time) is high if not optimal when the pH of the external medium is 7 or above (6, 7), and since FC-enhanced uptake of labeled CO2/HCO3-decreases at pH values above 6 (see Fig. 3 ), HCO3-uptake as a direct mechanism for the accumulation of cell wall H+ does not appear to be tenable.
The results of the kinetic disequilibrium experiment (Fig. 5 ) indicate that external '4C02 is the favored form of "CO2" taken into the tissue. Does this mean that FC stimulates the active uptake of C02? Although the FC effect on appearance of "4C in the coleoptile segments requires respiratory energy (Table III) and displays a Q10 (13-23 C) value of 2.8 (Johnson and Rayle, unpublished results), the actual entry of 14CO2 could well be a diffusion-flux phenomenon facilitated by a FC-enhanced CO2 fixation process. In such a case, the rapid stimulation of malate labeling would be the driving force for 14C02 uptake and retention. Malate synthesis in turn may be dependent on an energyrequiring process (e.g. a H+ pump).
The picture which is emerging for the FC-induced acidification response in Avena coleoptiles may be like that found for cationstimulated malate synthesis in certain root tissues (cf. 17). In barley roots, for example, the operation of a H+ -K+ exchange pump which extrudes protons appears to stimulate the accumulation of malate in the cells (16, 17) . In pea internode segments, evidence has been found for a coupling of proton extrusion to K+ uptake during FC-stimulated acidification and growth (23) . Uptake of K+ into stomates (33, 35) and roots accompanied by H+ efflux (25) is stimulated by FC. We also have preliminary data which indicate that FC rapidly enhances 86Rb uptake severalfold inAvena coleoptiles. In theory, an FC-enhanced H+ -K+ pump (23) would drain the cytoplasmic level of H+ and thereby increase the level of cytoplasmic HCO3-presumably generated from respiratory CO2. The H+ drain may also serve to increase the activity of PEP carboxylase, an enzyme which typically exhibits optimal activity at slightly alkaline pH values (pH 7.5-/ I 9). With the increased levels of HCO3-and/or PEP carboxylase activity, a greater rate of malate synthesis would ensue. Malate accumulation in theory might not only serve as a pH-stat (12, 26) but also as a source of more H+ for the pump. The enhanced respiration rate in the presence of FC may also aid in the generation of these protons indirectly by providing more CO2, but the cause of this enhanced respiration rate may derive from the faster turnover of high energy phosphate compounds utilized by the FC-enhanced pump.
